Purpose: Microcomputed tomography ͑micro-CT͒ is increasingly used as a nondestructive alternative to ashing for measuring bone mineral content. Phantoms are utilized to calibrate the measured x-ray attenuation to discrete levels of mineral density, typically including levels up to 1000 mg HA/ cm 3 , which encompasses levels of bone mineral density ͑BMD͒ observed in trabecular bone. However, levels of BMD observed in cortical bone and levels of tissue mineral density ͑TMD͒ in both cortical and trabecular bone typically exceed 1000 mg HA/ cm 3 , requiring extrapolation of the calibration regression, which may result in error. Therefore, the objectives of this study were to investigate ͑1͒ the relationship between x-ray attenuation and an expanded range of hydroxyapatite ͑HA͒ density in a less attenuating polymer matrix and ͑2͒ the effects of the calibration on the accuracy of subsequent measurements of mineralization in human cortical bone specimens. Methods: A novel HA-polymer composite phantom was prepared comprising a less attenuating polymer phase ͑polyethylene͒ and an expanded range of HA density ͑0 -1860 mg HA/ cm 3 ͒ inclusive of characteristic levels of BMD in cortical bone or TMD in cortical and trabecular bone. The BMD and TMD of cortical bone specimens measured using the new HA-polymer calibration phantom were compared to measurements using a conventional HA-polymer phantom comprising 0 -800 mg HA/ cm 3 and the corresponding ash density measurements on the same specimens. Results: The HA-polymer composite phantom exhibited a nonlinear relationship between x-ray attenuation and HA density, rather than the linear relationship typically employed a priori, and obviated the need for extrapolation, when calibrating the measured x-ray attenuation to high levels of mineral density. The BMD and TMD of cortical bone specimens measured using the conventional phantom was significantly lower than the measured ash density by 19% ͑p Ͻ 0.001, ANCOVA͒ and 33% ͑p Ͻ 0.05, Tukey's HSD͒, on average, respectively. The BMD and TMD of cortical bone specimens measured using the HA-polymer phantom with an expanded range of HA density was significantly lower than the measured ash density by 8% ͑p Ͻ 0.001, ANCOVA͒ and 10% ͑p Ͻ 0.05, Tukey's HSD͒, on average, respectively. Conclusions: The new HA-polymer calibration phantom with a less attenuating polymer and an expanded range of HA density resulted in a more accurate measurement of micro-CT equivalent BMD and TMD in human cortical bone specimens compared to a conventional phantom, as verified by ash density measurements on the same specimens.
I. INTRODUCTION
The level of mineralization is an important determinant of the mechanical properties and fracture susceptibility of bone tissue. 1 Cortical bone mechanical properties-such as the elastic modulus, strength, and fracture toughness-are strongly influenced by mineralization. [2] [3] [4] [5] [6] Moreover, a parametric study using a multiscale, micromechanical model demonstrated that the elastic modulus of cortical bone was most sensitive to the mineral density, among seven structural parameters investigated. 7 Therefore, precise and reliable techniques are needed for measuring the level of mineralization in bone tissue.
Mineralization is most commonly and accurately measured by ashing bone tissue at a temperature sufficient to pyrolyze the organic matrix, leaving the bone mineral for gravimetric analysis. Unfortunately, this process is inherently invasive and destructive. Mineralization has also been measured using backscattered electron imaging in a scanning electron microscope 8, 9 and microradiography. 9, 10 These techniques are capable of very fine spatial resolution but are inherently invasive and two-dimensional. In contrast, peripheral quantitative computed tomography ͑pQCT͒ has enabled noninvasive, three-dimensional ͑3D͒ measurement of volumetric bone mineral density ͑BMD͒ but has a relatively low spatial resolution for examining levels of mineralization.
Synchrotron radiation computed tomography ͑SRCT͒ is capable of precise, 3D measurements of bone mineralization 9, 12, 13 but is limited in availability and to a small specimen size. Therefore, microcomputed tomography ͑micro-CT͒ has been proposed for nondestructive, 3D measurements of bone mineralization using a linear calibration of mineral density and x-ray attenuation. [13] [14] [15] [16] [17] [18] [19] [20] Both micro-CT and SRCT have sufficient spatial resolution to enable volumetric measurement of tissue mineral density ͑TMD͒, exclusive of porosity, in addition to BMD, inclusive of porosity. 13, 14 However, measurements of mineral density by micro-CT are complicated by beam hardening due to the use of polychromatic radiation. Beam hardening leads to an underestimation of x-ray attenuation, and subsequently mineral density, because the mean x-ray energy is higher for the specimen interior due to the preferential attenuation of low energy x rays at the specimen perimeter. Beam hardening correction algorithms are one approach used to mitigate this phenomenon, but may not be sufficient, especially at high levels of mineral density. [13] [14] [15] [16] Mixtures of polymers with known quantities of hydroxyapatite ͑HA͒ crystals are commonly used in micro-CT imaging phantoms for the calibration of x-ray attenuation to HA density. 13, 14, 17 Phantoms comprising HA are desirable because HA exhibits similar composition and x-ray attenuation compared to bone mineral. The measured x-ray attenuation versus the known HA density in the phantom is fitted by least-squares linear regression and this calibration is subsequently used to estimate the mineral density of bone specimens from the measured x-ray attenuation. Previous studies demonstrated strong correlations between micro-CT equivalent density and ash density measurements in trabecular and cortical bone; however, micro-CT underestimated TMD compared to the ash density. 13, 14 Aqueous solutions containing varying concentrations of potassium phosphate ͑K 2 HPO 4 ͒ have also been used as a micro-CT calibration phantom. 12, 16, 17, 20 K 2 HPO 4 was utilized due to exhibiting x-ray attenuation similar to HA and homogeneity throughout the liquid phantom. Current HA-polymer and liquid K 2 HPO 4 calibration phantoms share a common limitation. The range of mineral density commonly present in either HA-polymer composite ͑0 -800 mg HA/ cm 3 ͒ ͑Refs. 13, 14, and 17͒ or K 2 HPO 4 solution ͑0 -1000 mg HA/ cm 3 ͒ ͑Refs. 12, 16, 17, and 20͒ phantoms encompasses levels of BMD observed in trabecular bone. However, levels of BMD observed in cortical bone and levels of TMD in cortical or trabecular bone typically exceed 1000 mg HA/ cm 3 , requiring extrapolation of linear calibration regressions. [13] [14] [15] [16] Moreover, a nonlinear relationship between measured x-ray attenuation and known phantom mineral density has been observed even after the use of a beam hardening correction algorithm. 16 The presence of a nonlinear calibration of measured x-ray attenuation and known phantom mineral density suggests that the use of an extrapolated linear calibration would result in increased underestimation of the mineral density in tissue specimens at high levels of mineral density, as has been observed in practice. 13, 14 Therefore, the objectives of this study were to investigate ͑1͒ the relationship between x-ray attenuation and an expanded range of HA density ͑0 -1860 mg HA/ cm 3 ͒ using a calibration phantom comprising 0-60 vol % HA crystals in a less attenuating polymer matrix and ͑2͒ the effects of the calibration on the accuracy of subsequent measurements of mineralization in human cortical bone specimens. The BMD and TMD of cortical bone specimens measured using the new HA-polymer calibration phantom were compared to measurements using a conventional HA-polymer phantom comprising 0 -800 mg HA/ cm 3 and the corresponding ash density measurements on the same specimens.
II. MATERIALS AND METHODS

II.A. Calibration phantoms
HA reinforced high density polyethylene ͑HDPE͒ composites composed of 0, 10, 20, 30, 40, 50, and 60 vol % HA were prepared using methods described in detail elsewhere. 21, 22 The HA densities of the composites were calculated to be 0, 310, 620, 930, 1240, 1550, and 1860 mg HA/ cm 3 ͓Fig. 1͑a͒, Table I͔ , based on the known density of HDPE ͑960 mg/ cm 3 ͒ ͑Ref. 21͒ and HA crystals prepared using similar methods ͑3100 mg/ cm 3 ͒. 23, 24 The HA content in the composites was also verified using measurements from Archimedes' principle 25 and ashing. 22 Composite bars with cross-sectional dimensions of 10 ϫ 2.5 mm were each positioned near the outer edge of a 20 mm diameter specimen holder such that the specimen was within 7-10 mm from the center of rotation and scanned individually using a benchtop micro-CT system ͑CT-80, Scanco Medical AG, Brüttisellen, Switzerland͒ equipped with a cone beam polychromatic x-ray source, 0.5 mm aluminum filter, and 2048ϫ 128 element charge-coupled device detector. Imaging was performed in de-ionized ͑DI͒ water FIG. 1. Representative cross-sectional grayscale images for micro-CT of ͑a͒ the HA-polymer composite phantom showing increased brightness with increased HA density, as expected, and ͑b͒ a representative cortical bone specimen including ͑c͒ a segmented, three-dimensional reconstruction of the entire tissue specimen. Note that the vertical dimension of the phantom specimens in ͑a͒ is 2.5 mm, and the horizontal dimension of the tissue specimen in ͑b͒ and ͑c͒ is 5 mm.
soaked gauze at 70 kVp, 114 A, and 400 ms integration time for 200 slices with a 10 m voxel size. All parameters known to affect x-ray attenuation measurements-such as the tube voltage, detector distance, detector size, and imaging media 17 -were held constant. A beam hardening correction algorithm based on a HA-resin wedge phantom ͑1200 mg HA/ cm 3 ͒ was applied as provided by the micro-CT manufacturer. Analysis was conducted on a volume of interest, with boundaries reduced from the specimen outline by 50 pixels ͑0.5 mm͒ to remove partial volume artifacts, after applying a Gaussian filter ͑sigma= 0.8, support = 1.0͒ to minimize high frequency noise.
A conventional calibration phantom ͑QRM-microCT-HA, Quality Assurance in Radiology and Medicine, GmbH, Möhrendorf, Germany͒ provided by the micro-CT manufacturer comprised HA particles embedded in a proprietary epoxy resin ͑1130 mg/ cm 3 ͒ at 0, 100, 200, 400, and 800 mg HA/ cm 3 ͑Table II͒. All five HA compositions were embedded within a single, 35 mm diameter cylindrical block of the same epoxy resin, evenly spaced and centered about a 20 mm diameter from the center of rotation, and each individual HA composition was 6 mm in diameter. The conventional calibration phantom was scanned using identical methods to the HA-polymer phantom, except that the size of the conventional phantom necessitated lower resolution ͑18 m voxel size͒ and each HA composition could not be scanned individually. Therefore, in order to consider the effects of the lower resolution and specimen positioning, the HA-polymer phantom compositions were also rescanned with an 18 m voxel size either simultaneously ͑in parallel͒ or individually ͑in series͒ while placed the same distance from the center of rotation as the conventional phantom compositions.
Linear and nonlinear least-squares regression ͑STATVIEW 5.0.1, SAS Institute, Inc., Cary, NC͒ was used to correlate the measured x-ray attenuation with the known HA density in the calibration phantoms. Analysis of covariance ͑ANCOVA͒ was used to compare regressions. The known HA density within calibration phantoms was compared to the HA density determined from the measured x-ray attenuation and the calibration provided for the conventional phantom using a paired t-test. The level of significance for all tests was set at 0.05.
II.B. Measurements of cortical bone mineralization
Thirty-seven cortical bone specimens, nominally 5 ϫ 5 ϫ 5 mm, were machined from the femoral diaphysis of three human male donors ages 62, 62, and 70, presenting no medical history of skeletal pathology or trauma. All tissues were obtained with donor's consent ͑National Disease Research Interchange, Philadelphia, PA͒ and all protocols were approved by the Notre Dame Human Subjects Institutional Review Board. The entire volume of each specimen was scanned by micro-CT ͓Figs. 1͑b͒ and 1͑c͔͒ in DI water soaked gauze using the same methods and parameters described above for the calibration phantoms. X-ray attenua-TABLE I. The new HA-polymer composite phantom with an expanded range of HA density encompassed levels of BMD characteristic of human cortical bone, and levels of TMD characteristic of both human cortical and trabecular bone. Measurements of the micro-CT equivalent mineral density for compositions of the new HA-polymer phantom using extrapolated linear or nonlinear calibrations for the conventional phantom ͑Fig. 2͒ significantly underestimated the known HA density ͑p Ͻ 0.01, paired t-test͒. The first standard deviation of mean values is given in parentheses, when applicable, and represents intrascan spatial variability for a single volume of interest. Measured using an extrapolated nonlinear calibration for the conventional phantom. tion was evaluated over either the total volume ͑TV͒, inclusive of porosity, or bone volume ͑BV͒, exclusive of porosity. Tissue porosity was segmented from the BV using a global threshold value of 240 on the grayscale images for all specimens. This threshold was located at the toe of the bone peak in the image histogram and corresponded to an x-ray attenuation of 1.92 cm −1 or 553 mg HA/ cm 3 using the conventional calibration phantom provided by the manufacturer. The mean ͑Ϯstandard deviation͒ Haversian porosity measured by micro-CT for the cortical bone specimens investigated in this study was 10.1 ͑Ϯ7.1͒ vol %. BMD and TMD were measured based on the TV and BV, respectively, using linear and nonlinear calibrations of measured x-ray attenuation and known mineral density from the calibration phantoms ͑Fig. 2͒.
The ash density for each specimen was measured as the ash mass divided by either the TV or BV, for comparison to micro-CT measurements of BMD or TMD, respectively. TV was measured using Archimedes' principle as the difference between the specimen mass when fully saturated with DI water ͑M͒ and the apparent mass when suspended in DI water ͑S͒. 7, 25, 26 Each specimen was subsequently dehydrated in a graded series of alcohol solutions and dried in a vacuum oven at 100°C for 24 h. BV was also measured using Archimedes' principle as the difference between the dry specimen mass ͑D͒ and S. 7, 25, 27 Specimens were finally ashed at 900°C for 48 h. The ash mass, as well as the above measures of specimen mass, was measured gravimetrically to a precision of 0.1 mg. Measured ash densities were compared to measured micro-CT equivalent densities using ANCOVA ͑STATVIEW 5.0.1, SAS Institute, Inc., Cary, NC͒ or Tukey's HSD test, with a level of significance of 0.05.
III. RESULTS
III.A. Calibration phantoms
The HA-polymer composite phantom with an expanded range of HA density exhibited a nonlinear relationship between x-ray attenuation and HA density ͑Fig. 2͒. In contrast, the relationship between x-ray attenuation and HA density for the conventional phantom could be fitted by either a linear or a nonlinear relationship within the range of HA density in the phantom. Significant differences between the linear and nonlinear regressions were only observed upon extrapolation to HA density greater than the 800 mg HA/ cm 3 upper limit of the phantom. The HA-polymer phantom with an expanded range of HA density also utilized a lower density polymer that resulted in a significantly lower x-ray attenuation at any given HA density compared to the conventional phantom ͑Fig. 2͒. Therefore, calibration using the new HA-polymer phantom resulted in measurements of HA density that were significantly greater than those using extrapolated linear or nonlinear calibrations for the conventional phantom ͑p Ͻ 0.01, paired t-test͒ ͑Table I͒, and the differences became greater with increased HA density ͑Fig. 2͒.
The HA-polymer composite and conventional calibration phantoms in Fig. 2 were imaged with a 10 versus 18 m voxel size and with the various HA compositions imaged individually ͑in series͒ versus simultaneously ͑in parallel͒, respectively, due to the size and design of the commercial phantom. In order to consider these effects, the HA-polymer phantom compositions were also rescanned with an 18 m voxel size either individually ͑in series͒ or simultaneously ͑in parallel͒ while placed the same distance from the center of rotation as the conventional phantom compositions. The lower resolution and simultaneous imaging of the HApolymer composite specimens resulted in increased measured x-ray attenuation for a given HA density, but the differences from conditions employed in Fig. 2 were not statistically significant ͑p = 0.12, ANCOVA͒ and the calibration remained nonlinear ͑Fig. 3͒. Therefore, subsequent measurements of cortical bone mineralization focused on the nonlinear calibration with HA-polymer composite phantom compositions imaged individually ͑in series͒ at the higher resolution ͑Fig. 2͒ in order to be most similar to the imaging methods employed for bone tissue specimens.
III.B. Measurements of cortical bone mineralization
The BMD of human cortical bone specimens measured by micro-CT was in closer agreement with the corresponding ash density using the nonlinear calibration for the HApolymer phantom with an expanded range of HA density compared to extrapolated linear or nonlinear calibrations for the conventional phantom ͑Fig. 4͒. BMD measured using extrapolated linear or nonlinear calibrations for the conventional phantom was significantly lower than the measured FIG. 2. The HA-polymer composite phantom with an expanded range of HA density exhibited a nonlinear relationship between the measured x-ray attenuation and the known HA density HA . The conventional phantom was fitted by a linear or a nonlinear relationship at the lower levels of HA density employed and extrapolated for higher levels of HA density. Therefore, calibration using the new HA-polymer phantom resulted in measurements of HA density that were significantly greater than those using extrapolated linear or nonlinear calibrations for the conventional phantom ͑p Ͻ 0.01, paired t-test͒ ͑Table I͒, and the differences became greater with increased HA density. ash density ͑p Ͻ 0.001, ANCOVA͒ by 19% or 17%, on average, respectively. BMD measured using the HA-polymer phantom with an expanded range of HA density was significantly greater than the measured ash density ͑p Ͻ 0.001, AN-COVA͒ by 8%, on average. Micro-CT measurements of BMD were correlated with ash density measurements using both the nonlinear calibration for the HA-polymer composite phantom ͑p Ͻ 0.001, R 2 = 0.55͒ and extrapolated linear or nonlinear calibrations with the conventional phantom ͑p Ͻ 0.001, R 2 = 0.56͒. The TMD of human cortical bone specimens measured by micro-CT was also in closer agreement with the corresponding ash density using the nonlinear calibration for the HApolymer composite phantom with an expanded range of HA density compared to extrapolated linear or nonlinear calibrations for the conventional phantom ͑Fig. 5͒. Micro-CT measurements of TMD using either calibration phantom were not correlated with ash density measurements ͑p Ͼ 0.66͒. However, TMD measured using extrapolated linear or nonlinear calibrations for the conventional phantom underestimated the ash density by 33% or 30%, on average, respectively, while TMD measured using the nonlinear calibration for the HApolymer phantom underestimated the ash density by only 10%, on average ͑p Ͻ 0.05, Tukey's HSD͒ ͑Fig. 6͒.
IV. DISCUSSION
IV.A. Effects of the calibration phantom composition and imaging medium
The HA-polymer phantom used in this study enabled a more accurate calibration of x-ray attenuation and HA density ͑Fig. 2͒, and thus more accurate measurements of BMD and TMD in cortical bone specimens ͑Figs. 4-6͒, by virtue of employing ͑1͒ an expanded range of HA density FIG. 4 . The BMD of human cortical bone specimens measured by micro-CT equivalent density using the nonlinear calibration for the HA-polymer phantom with an expanded range of HA density was in greater agreement with the corresponding measured ash density ͑ash mass/TV͒ compared to using the extrapolated linear calibration for the conventional phantom. The micro-CT equivalent density measured by either calibration was correlated with the measured ash density. Note that measurements of the micro-CT equivalent density using the extrapolated nonlinear calibration for the conventional phantom exhibited only minor differences from the linear calibration ͑2% greater on average͒ that were not statistically significant and were therefore not shown for clarity.
FIG. 5. The TMD of human cortical bone specimens measured by micro-CT equivalent density using the nonlinear calibration for the HA-polymer phantom with an expanded range of HA density was in greater agreement with the corresponding measured ash density ͑ash mass/BV͒ compared to using the extrapolated linear calibration for the conventional phantom. The micro-CT equivalent density measured by either calibration was not correlated with the measured ash density. Note that measurements of the micro-CT equivalent density using the extrapolated nonlinear calibration for the conventional phantom exhibited only minor differences from the linear calibration ͑3% greater on average͒ that were not statistically significant and were therefore not shown for clarity.
FIG. 3.
The HA-polymer composite and conventional calibration phantoms in Fig. 2 were imaged with a 10 versus 18 m voxel size, and with the various HA compositions imaged individually ͑in series͒ versus simultaneously ͑in parallel͒, respectively, due to the size and design of the commercial phantom. In order to consider these effects, the HA-polymer phantom compositions were also rescanned with an 18 m voxel size either simultaneously ͑in parallel͒ or individually ͑in series͒ while placed the same distance from the center of rotation as the conventional phantom compositions. The lower resolution and simultaneous imaging of the HA-polymer composite specimens resulted in increased measured x-ray attenuation for a given HA density HA , but the differences from conditions employed in Fig. 2 were not statistically significant ͑p = 0.12, ANCOVA͒ and the calibration remained nonlinear.
͑0 -1860 mg HA/ cm 3 ͒ and ͑2͒ a less attenuating polymer phase. The range of HA density was inclusive of characteristic levels of BMD in cortical bone or TMD in cortical and trabecular bone. The BMD and TMD of human cortical bone specimens in this study ranged from approximately 700 to 1300 mg HA/ cm 3 and from 1200 to 1600 mg HA/ cm 3 , respectively. However, the conventional calibration phantom included HA density only up to 800 mg HA/ cm 3 , which may be suitable for the BMD of trabecular bone, but requires extrapolation for levels of BMD observed in cortical bone or levels of TMD in cortical and trabecular bone. K 2 HPO 4 solution phantoms have also been limited to equivalent HA density up to 800-1000 mg HA/ cm 3 . 16, 17, 20 Moreover, the solubility limit for K 2 HPO 4 in water at 20°C is 1670 mg/ cm 3 , 28 which corresponds to ϳ1600 mg HA/ cm 3 , depending on imaging parameters. This solubility limit prohibits the preparation of K 2 HPO 4 solutions above this concentration and would limit the stability of solutions approaching this concentration. Other recent studies have prepared calibration phantoms comprising ϳ1200-2000 mg HA/ cm 3 by varying the level of porosity in pressed and sintered HA powder compacts. 19, 20 However, these phantoms were not able to be prepared at lower mineral density and thus required the use of a second phantom composed of different materials to calibrate HA density below 1200 mg HA/ cm 3 . Moreover, the air or water in the pore space will not exhibit similar x-ray attenuation to macromolecules like collagen or synthetic polymers. Therefore, a HApolymer composite phantom is expected to provide greater similarity to the extracellular matrix of bone tissue than liquid K 2 HPO 4 or porous HA phantoms.
The HA-polymer phantom in this study utilized HDPE as the polymer phase, whereas the conventional phantom utilized a propriety epoxy resin. The lower density of HDPE ͑960 mg/ cm 3 ͒ compared to the epoxy resin ͑1130 mg/ cm 3 ͒ resulted in less x-ray attenuation at a fixed HA density, which was evidenced by the vertical shift in calibration curves for the two phantoms even at a HA density of zero ͑Fig. 2͒. Polyethylene has also received considerable use for tissue equivalent imaging phantoms. 29 The imaging medium surrounding phantom or tissue specimens was previously shown to affect the measured x-ray attenuation. 17 In this study, water soaked gauze was used as the imaging medium and was held constant for both the HA-polymer phantom and cortical bone specimens. Furthermore, all phantom and tissue specimens were imaged separately to avoid interference. In contrast, the conventional phantom was comprised of mixtures of HA in an epoxy resin embedded within a single, larger resin block. Moreover, image projections for one HA density were not likely to be completely free from the influence of other HA densities positioned on the opposite side of the phantom ͑Fig. 3͒. These effects may have also contributed to the noticeable vertical shift in x-ray attenuation between the two calibration phantoms ͑Fig. 2͒. Thus, error due to differences in imaging media was minimized in this study when using the new HApolymer phantom by scanning all phantom and tissue specimens separately and in the same imaging medium.
IV.B. Effects of the calibration nonlinearity
The relationship between x-ray attenuation and HA density was shown to be nonlinear for the HA-polymer calibration phantom comprising levels of HA density up to 1860 mg HA/ cm 3 ͑Fig. 2͒. A nonlinear relationship was previously reported for a K 2 HPO 4 phantom comprising up to 800 mg HA/ cm 3 ͑Ref. 16͒ and was reported to slightly improve the calibration correlation coefficient for a pressed and sintered HA phantom comprising 1240-3050 mg HA/ cm 3 . 19 The results of the present study also showed a slight improvement in the calibration correlation coefficient ͑Fig. 2͒ and the accuracy of subsequent BMD and TMD ͑Fig. 6͒ measurements in cortical bone specimens when a quadratic rather than a linear relationship was used for the conventional phantom comprising up to 800 mg HA/ cm 3 . However, a linear relationship was typically expected and employed a priori to calibrate measured x-ray attenuation to a known mineral density. [13] [14] [15] [16] [17] [18] [19] [20] The most likely sources for the nonlinear behavior were beam hardening [13] [14] [15] [16] [17] [18] [19] and scattering 20, [30] [31] [32] artifacts, which are dependent on the beam energy spectrum, the attenuation coefficient of the sample, the surrounding media, and the sample geometry. Note that nonlinearity was observed in spite of employing a beam hardening correction algorithm provided by the manufacturer, which is based on a HA-resin wedge phantom with 1200 mg HA/ cm 3 . This algorithm was previously shown to reduce but not eliminate the effects of beam hardening compared to a 200 mg HA/ cm 3 wedge phantom. 13 Thus, the results of this study add further weight to previous evidence that beam hardening due to a polychromatic x-ray source was not able to be fully corrected, especially at high levels of mineralization characteristic of TMD in cortical or trabecular bone. [13] [14] [15] [16] The nonlinear calibration of x-ray attenuation and HA density for the HA-polymer phantom with an expanded FIG. 6 . The mean TMD of human cortical bone specimens measured by micro-CT equivalent density using extrapolated linear or nonlinear calibrations for the conventional phantom, and the nonlinear calibration for the HA-polymer phantom with an expanded range of HA density, compared to the corresponding ash density ͑ash mass/BV͒ of the same specimens. Error bars show one standard deviation. Asterisks denote statistically significant differences between groups ͑p Ͻ 0.05, Tukey's HSD͒. range of HA density was able to compensate for beam hardening artifacts not accounted for by the internal micro-CT correction algorithm, resulting in a more accurate measurement of micro-CT equivalent BMD and TMD in human cortical bone specimens ͑Figs. 4-6͒. In practice, the internal calibration provided by the micro-CT manufacturer can be readily corrected by simply applying the nonlinear calibration measured for the HA-polymer phantom with an expanded range of HA density ͑Fig. 2͒. For example, the HA density for the new HA-polymer phantom ͑ HA , mg HA/ cm 3 ͒ was related to the HA density measured using the extrapolated linear calibration for the conventional phantom ͑ HA°͒ as HA = ͑2.89ϫ 10 −4 ͒ · ͑ HA°͒ 2 + 0.97 HA°+ 90.63 ͑p Ͻ 0.001, R 2 = 0.9999͒. Note, however, that any calibration relationship must be recognized as being dependent on the instrument, imaging parameters, and specimen size, as has been well-documented. [14] [15] [16] [17] [18] 
IV.C. Other considerations
The HA-polymer calibration phantom described in this study enabled more accurate measurements of cortical bone mineralization. The micro-CT equivalent TMD of human cortical bone specimens measured using the HA-polymer phantom underestimated the corresponding ash density by 10%, on average ͑Fig. 6͒, exhibiting accuracy comparable to previous measurements using SRCT. 13 While encouraging, other factors that may or may not contribute to this error must be considered for further improvement.
Differences in scanning parameters, such as x-ray tube voltage or detector distance, were previously shown to affect x-ray attenuation measurement 17 but were held constant in this study. Moreover, repeated measurements of the conventional calibration phantom provided by the micro-CT manufacturer were in close agreement ͑Table II͒, ruling out systematic error. The cross-sectional dimensions of the HApolymer phantom specimens ͑10ϫ 2.5 mm͒ were different from those of the cortical bone specimens ͑5 ϫ 5 mm͒, though the cross-sectional area was held constant, which might be expected to result in a different proportion of the cross section influenced by beam hardening compared to the tissue specimens. 15 However, the mean x-ray attenuation of the HA-polymer phantom was not different for a volume of interest at the specimen interior compared to the overall volume, minimizing this concern. Nonetheless, differences in the dimensions of tissue and phantom specimens should always be minimized or calibrated. Beam filtration can also be used to minimize the effects of beam hardening 18 but requires longer image collection times.
The micro-CT equivalent TMD and the corresponding ash density may be subject to error via measurement of the BV, whether using micro-CT ͑Ref. 13͒ or Archimedes' principle. 7, 25, 27 In this study, micro-CT was used by necessity to measure the BV for the equivalent TMD and Archimedes' principle was used to measure the BV for the corresponding ash density, where the latter was regarded as the most accurate assessment of the true tissue porosity. Micro-CT measurements of the tissue porosity were positively correlated with measurements using Archimedes' principle ͑p Ͻ 0.001, R 2 = 0.57͒ but were approximately 16.3% lower, on average. An underestimation of tissue porosity by micro-CT was not unexpected due to the resolution limits of the instrument. The use of micro-CT measurements of BV for the corresponding ash density would have resulted in a decreased mean ͑Ϯstandard deviation͒ from 1469 ͑Ϯ80͒ to 1225͑Ϯ57͒ mg HA/ cm 3 ͑cf. Fig. 6͒ , but the latter ash density would not be accurate and would not change the main results of this study. On the other hand, improvements in the accuracy of the BV measured by micro-CT would be expected to lead to decreased BV and consequently increased TMD, improving agreement between the micro-CT equivalent TMD and the corresponding ash density ͑Figs. 5 and 6͒. SRCT can be used to improve resolution limits and mitigate the underestimation of BV by micro-CT. 13 The HA-polymer composite phantom in this study also utilized relatively large HA crystals compared to the size of apatite crystals in bone tissue. The HA crystals exhibited a whiskerlike morphology with mean dimensions of approximately 4 -7 m in length and 2 m in width. 22 Therefore, while the HA crystal size was smaller than the 10 m voxel size for the micro-CT instrument, heterogeneity in x-ray attenuation was evident visually, especially at low HA density ͓Fig. 1͑a͔͒, as well as by the measured intrascan spatial variability in x-ray attenuation ͑Table I͒. The effect of heterogeneity within phantom specimens was assumed to be minimized by averaging over a relatively large volume of interest, but was not ideal. The use of nanoscale HA crystals in a polymer matrix could provide greater homogeneity to minimize scattering artifacts, similar to K 2 HPO 4 solution phantoms, 16, 17, 20 while retaining the advantages of a HApolymer phantom mentioned above.
The correlation between the micro-CT equivalent BMD and the corresponding ash density ͑Fig. 4͒ was primarily due to variability in BMD caused by the range of porosity included within the TV. In contrast, the lack of a correlation between micro-CT equivalent TMD and the corresponding ash density ͑Fig. 5͒ was primarily due to limited variability in TMD resulting from exclusion of tissue porosity in the BV. The addition of other tissue types ͑e.g., trabecular tissue͒ and sources ͑e.g., bovine͒ could be used to further investigate the correlation of TMD measured by micro-CT and ashing.
V. CONCLUSIONS
A novel HA-polymer composite phantom was prepared comprising a lower attenuating polymer and an expanded range of HA density ͑0 -1860 mg HA/ cm 3 ͒ inclusive of characteristic levels of BMD in cortical bone or TMD in cortical and trabecular bone. This HA-polymer composite phantom exhibited a nonlinear relationship between x-ray attenuation and HA density, rather than the linear relationship typically employed a priori, and obviated the need for extrapolation, when calibrating the measured x-ray attenuation to high levels of mineral density. Therefore, the new HA-polymer phantom resulted in more accurate measure-ment of micro-CT equivalent BMD and TMD in human cortical bone specimens compared to a conventional phantom, as verified by ash density measurements on the same specimens.
